Epitaxial (K x Na 1¹x )NbO 3 films with 3¯m in thickness were deposited at 240°C on (100) c SrRuO 3 //(100)SrTiO 3 substrates by hydrothermal method. XRD patterns and Raman spectra were systematically changed with increasing x values. XRD patterns and Raman spectra was not dramatically changed by the annealing treatment at 600°C for 10 min under O 2 atmosphere. On the other hand, the electrical and piezoelectric properties were improved by this annealing treatment; leakage current density was diminished and longitudinal piezoelectric response was increased to 69 pm/V at x = 0.51.
Introduction
Piezoelectric materials have been applied to various devices, including sensors and actuators. 1) Recently, the energy harvesting devices based on the piezoelectric cantilever-based technique are attracted as one of the method to solve the energy issues. Piezoelectric generator requires the environmental friendly piezoelectric materials because of the difficulty of the material recycling. Pb(Zr, Ti)O 3 -based piezoelectric materials have been widely investigated because of their superior piezoelectric property. However, the toxicity of the lead is recognized to be a serious problem for biological environment. Therefore, various lead-free materials have been investigated.
2) (K x Na 1¹x )NbO 3 is a solid solution of KNbO 3 and NaNbO 3 with perovskite structure and is a lead-free piezoelectric material. 3) In addition, (K x Na 1¹x )-NbO 3 -based piezoelectric materials are expected as a candidate of alternative for the lead-based piezoelectric materials because they have relatively high piezoelectric and coupling coefficient compared with other lead-free piezoelectric materials. 4) The low temperature process is a favor to get dense (K x Na 1¹x )-NbO 3 body due to the high volatility of K and Na elements as well as the view of the low energy consumption process with low cost. Film-preparation process is one solution because of their relative low process temperature, about 600800°C, compared with the conventional solid state reaction process, such as the sintering processes beyond 900°C. 5) Preparation of (K x Na 1¹x )-NbO 3 films have been reported by various methods, including the pulse laser deposition, sputtering and solgel methods.
6)9)
Hydrothermal method is the wet process with the process temperature below 300°C, 10) which can precipitate the piezoelectric films with stoichiometric composition from the saturated solution. In addition, (K x Na 1¹x )NbO 3 films have highly dense body because volatilizations of K and Na elements are suppressed due to the low process temperature. However, there are few reports on the electrical and piezoelectric properties of the hydrothermallysynthesized (K x Na 1¹x )NbO 3 films.
We have already reported on the successful growth of (K x Na 1¹x )NbO 3 films on (100) c SrRuO 3 //(100)SrTiO 3 substrates from the source system of KOHNaOHNb 2 O 5 by hydrothermal method. 11) In the previous report, the K content, x, dependency of the electrical properties were observed as well as the crystal structure. However, this investigation had been imperfect because the film thickness of (K x Na 1¹x )NbO 3 films prepared under fixed reaction condition varied with x value. Earlier studies had pointed out that the crystal structure, and electrical and piezoelectric properties strongly depend on the film thickness, 12),13) so that the investigation using (K x Na 1¹x )NbO 3 films with fixed film thickness is essential.
In the present study, we prepared the (K x Na 1¹x )NbO 3 films with fixed film thickness of 3¯m and with various x values by hydrothermal method, and then investigated the crystal structure, electrical and piezoelectric properties. In addition, we also investigated the annealing effect on each property.
Experimental
(K x Na 1¹x )NbO 3 films were deposited at 240°C on (100) cSrRuO 3 //(100)SrTiO 3 substrates by the hydrothermal method. 50 nm-thick epitaxial SrRuO 3 layers prepared by the radio frequency magnetron sputtering method were used as bottom electrodes.
Mixture solution of KOH and NaOH with various molar ratios (7.0 mol/dm 3 and 20 cm 3 in total) was used as source materials together with 9.4 © 10 ¹4 mol of Nb 2 O 5 powder. These source materials were sealed in an autoclave with (100) c SrRuO 3 // (100)SrTiO 3 substrates for hydrothermal growth. Film thickness was adjusted to be about 3¯m for all x value by controlling the deposition time. 14) Deposited films were annealed at 600°C for 10 min in O 2 atmosphere.
Chemical composition of x = K/(K+Na) in (K x Na 1¹x )NbO 3 films was measured by X-ray fluorescence spectroscopy (XRF) calibrated using standard samples prepared by solgel method. Film thickness was measured using a surface profile meter (Veeco DEKTAK 3ST). Crystal structure and orientation of the films were investigated by X-ray diffractometry (XRD, Philips X'Pert MRD system, Cu-K¡1 radiation) as well as the Raman spectroscopy (Ar + :514.5 nm/PDPT-320, Jobin-Yvon). Psudocubic index described as (hkl) c was used for all composition films because the crystal symmetry was not fixed in the present study. The microstructure was observed by a scanning electron microscopy (SEM).
Pt top electrodes of 100¯m in diameter were deposited by electron beam evaporation to fabricate capacitor structure of Pt/(K x Na 1¹x )NbO 3 /SrRuO 3 . Electrical properties were measured using an impedance analyzer (Agilent, HP4149A) and a semiconductor parameter analyzer (Agilent, HP4155B). Piezoelectric properties were measured using the piezoresponse force microscopy (PFM, SII, SPA400) calibrated by standard samples.
Results and discussions

Crystal structure
Figure 1(a) shows the change in XRD patterns with x value for (K x Na 1¹x )NbO 3 films prepared on (100) c SrRuO 3 //(100)SrTiO 3 substrates before and after the annealing at 600°C. Obvious change in the chemical composition was not detected by the annealing treatment for all films within the accuracy of the present study. On XRD patterns, all (K x Na 1¹x )NbO 3 films showed only {h00} c peaks without any obvious other peaks before and after annealing. This suggests that films oriented to {100} c . Figure 1(b) shows the enlarged XRD patterns between 2ª = 44 and 48°in Fig. 1(a) . There are two series of peaks originate from the films in Fig. 1 (b) labeled as [2] and [3] in our previous report. 11) Both [2] and [3] were observed from x = 0.26 to 0.75, while only [3] for films from x = 0.88 to x = 1. This result was in good agreement with our previous report for the films having various film thicknesses.
11) Handoko and Goh reported on hydrothermallysynthesized (K x Na 1¹x )NbO 3 films that the peak around 2ª = 46°was identified as the Na-excess phase and this peak was disappeared by the annealing over 600°C. 15) However, such dramatically change was not detected on XRD patterns in this study even after 600°C annealing. In addition, there is no obvious compositional change by the present annealing process as already mentioned.
Figure 1(c) shows the X-ray pole figure plot measured at a fixed 2ª angle corresponding to (K x Na 1¹x )NbO 3 {110} c for the as-deposited films with x = 0.51. These films exhibit the four fold spots at an inclination angle of 45°. Basically same pole figure plots were observed for the films before and after the annealing treatment irrespective of x value suggesting the epitaxial relationships as follows; {100} c (K x Na 1¹x )NbO 3 //(100) cSrRuO 3 //(100)SrTiO 3 . These results show that all films are ascertained to have epitaxial relationships with the substrates before and after the annealing treatment irrespective of x value. Figure 2 shows x value dependency of the out-of-plan lattice spacing. Circle and diamond symbols show [2] and [3] peaks in Fig. 1(b) , respectively. Dash lines show the reported lattice spacing for (K x Na 1¹x )NbO 3 powder. 16) Both [2] and [3] showed a continuous increase with increasing x values but was saturated especially above x = 0.8 for both of the before and after annealing films. This tendency is in good agreement with the reported one for the (K x Na 1¹x )NbO 3 powder. This is basically due to the larger ionic radius of K + than that of Na + . It must be mentioned that the dramatic change is not observed even by the heat treatment at 600°C. The closed triangle symbols in Fig. 2 shows our previous report for the films having various film thicknesses from 1 to 6¯m that were prepared under the fixed deposition time of 6 h.
11) These data were basically in agreement with the present study. This result suggests that the obvious film thickness dependency is not detected within the film thickness range from 1 to 6¯m. Kanno et al. reported the continuous change of the lattice parameter with x value for epitaxial (K x Na 1¹x )NbO 3 films deposited by sputtering method. 17) However, the peak from (K x Na 1¹x )NbO 3 was only one on their XRD chart within the 2ª = 4448°for all composition range that is different from the present results of two series of peaks labeled as [2] and [3] . One possibility for the two series of XRD peaks in the present study is the existence of the two orientations derived from the single phase, such as (100), (010) and (001) orientations of the orthorhombic phase. In this case, the difference in lattice The closed triangles indicate the out-of-plane lattice spacing for the previous report of (K x Na 1¹x )NbO 3 films with various thickness. 11) Dashed lines indicate the out-of-plane lattice spacing of (K x Na 1¹x )NbO 3 powder. 16) spacing of the film with powder one in Fig. 2 can be explained by the lattice strain of the epitaxial films. Other possibility is the phase separation of Na-excess and K-excess (K x Na 1¹x )NbO 3 . In this case, we can explain smaller lattice spacing change with x rather than that of the (K x Na 1¹x )NbO 3 powder in Fig. 2 successfully. Details are under investigation using high temperature-XRD analysis. Figure 3 shows the Raman spectra for (K x Na 1¹x )NbO 3 films with various x values before and after the annealing treament. Peak position of each Raman spectrum, especially around 250, 550 and 850 cm ¹1 , were changed with increasing x value. This systematic change of Raman spectrum is similar to the reported data for the (K x Na 1¹x )NbO 3 powders. 18) 20) It must be noted that there is no obvious change with the annealing treatment. Figure 4 show the surface SEM images for (K 0.51 Na 0.49 )NbO 3 film before and after the annealing treatment. Both films consisted of the grains having rectangle shape, perhaps response to the {100} orientation of these two films. However, dramatic change was not observed in the present study.
Electrical and piezoelectric properties
Figures 5(a) and 5(b) show the leakage current density (J) as a function of electric field (E), JE curves, for (K x Na 1¹x )NbO 3 films before and after the annealing treatment. Although JE curves were asymmetry for the as-deposited films, it was improved by the annealing treatment, especially the negative electric field region. This is mainly due to the decrease of the leakage current density at the negative electric field region. Based on the fact that this asymmetric in JE curve was not observed even for the as-deposited films by the measurement between top electrode and top electrode, i.e., Pt/(K x Na 1¹x )NbO 3 /SrRuO 3 / (K x Na 1¹x )NbO 3 /Pt capacitor structure, the asymmetry observed in Fig. 5(a) would be related to the phenomena at the interface between the bottom SrRuO 3 electrode and (K x Na 1¹x )NbO 3 . These interface phenomena could be change by the annealing treatment that resulted in the symmetric JE curve. Figure 5 (c) summarizes the leakage current density as a function of the x value before and after the annealing treatment. Continuous and dashed lines indicate the leakage current density at 25 and ¹25 kV/cm, while the open and closed symbols respective indicate the data before and after the annealing treatment. Leakage current density of as-deposited films was within the order of 10 ¹4 10 2 A/cm 2 . On the other hand, the leakage current density after the annealing treatment was decreased to 10 ¹6 10 ¹3 A/cm 2 that is lower than that of the before annealing for all x value. It must be mentioned that the x value dependency of the leakage current density become close for both before and after the annealing treatment. Figure 6 (a) shows the frequency dependency of the relative dielectric constant (¾ r ) and the tan ¤ for the films with x = 0.51. The tan ¤ of the as-deposited (K x Na 1¹x )NbO 3 films showed large values, but decreased by the annealing treatment, especially at lower frequency range. In addition, the relative dielectric constant had large frequency dependency for the as-deposited films, but became small dependency after the annealing treatment. It is considered that the decrease of tan ¤ by the annealing treatment shown in Fig. 6(a) is related to the decrease of the leakage current density shown in Fig. 5 .
Figures 6(b) and 6(c) respective show the x dependency of the relative dielectric constant and the tan ¤ measure at 10 MHz. The relative dielectric constant and tan ¤ respective increased and decreased by the annealing treatment for all composition range. For both of films before and after the annealing at 600°C, the relative dielectric constant had the local maximum value at around x = 0.51 and 1.0, while the local minimal at around x = 0.70.8. On the other hand, the local minimum around x = 0.9 and maximum at x = 1 in case of tan ¤ for both of before and after the annealing treatment. A. T. Chien et al. reported for the hydrothermally-synthesized BaTiO 3 film that the dielectric loss at 10 kHz was decreased by the annealing treatment together with decreasing the amount of OH ¹ in the films. 21) Therefore, the drop of the tan ¤ by the annealing treatment in the present work is possible to be due to the decrease of OH ¹ amount in (K x Na 1¹x )-NbO 3 films. On the other hand, the increase of the relative dielectric constant by the annealing treatment in Fig. 6 is also considered to be the improvement of the crystallinity by the decrease of the OH ¹ amount. Figures 7(a) and 7(b) show the field-induced strain (S)electric field (E) relationship measured at 3.2 Hz for (K x Na 1¹x )NbO 3 films before and after the annealing treatment. All (K x Na 1¹x )-NbO 3 films exhibited typical strain curves originating from the ferroelectricity. All SE curves became sharp after the annealing treatment together with the decrease of the coercive field. Figure 7(c) shows the x dependency of the apparent longitudinal piezoelectric coefficient measured by AFM, AFM d 33,obs , for the films before and after the annealing treatment. The AFM d 33,obs value was estimated from the slope between the maximum electric field and cross point near zero electric field shown in Figs. 7(a) and 7(b) . The piezoelectric constant had the maximum value of AFM d 33,obs = 35 pm/V at x = 0.51 for the films before the annealing treatment. The AFM d 33,obs value was enhanced for all composition after the annealing treatment and had the maximum value of 69 pm/V at x = 0.51. The AFM d 33,obs value of the (K x Na 1¹x )NbO 3 films after the annealing treatment is almost the same ones reported for the (K x Na 1¹x )NbO 3 films prepared by other preparation methods.
22)24)
Conclusions
(K x Na 1¹x )NbO 3 films with 3¯m in thickness were deposited at 240°C on (100) c SrRrO 3 //(100)SrTiO 3 substrates by hydrothermal method. Films were characterized before and after the annealing treatment at 600°C under O 2 atmosphere. Epitaxial (K x Na 1¹x )NbO 3 films with {100} c orientation were obtained for all x values within the present study. Crystal structure was not dramatically changed by the annealing treatment from the XRD and Raman spectroscopy analysis. Leakage current density after the annealing treatment decreased for all x values. The relative dielectric constant and tan ¤ had composition dependency strongly and they were improved by the annealing treatment, respectively. The apparent longitudinal piezoelectric constant had the maximum value at x = 0.51 and enhanced to 69 pm/V after the annealing.
